Introduction
During the past several decades, the photodetachment or photoionization processes of negative ions or atoms in the external fields have been studied extensively both theoretically and experimentally [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . The electron flux distribution has been measured using a position-sensitive detector placed at a macroscopic distance. Oscillatory structures appear in the electron flux distribution, which are caused from the electron waves travelling along different classical paths from the ion or atom to the detector. For the case of photodetachment of negative ion in an electric field, only two electron trajectories can arrive at a given point on the detector plane, which leads to a regular two-term interference pattern on the detector [11] . However, for the photoionization of atoms in an electric field, the ionized electron is affected both by the electric field and the long-range Coulomb field of the residual ion. The number of the electron trajectories becomes larger than in the case of the photodetachment, and an infinite number of electron trajectories can arrive at a given point on the detector plane [12] [13] . Since hydrogen is a simple atom, which has only one electron, when the hydrogen atom is put in an electric field, the Stark Hamiltonian is exactly separable in terms of parabolic coordinates. For this reason, many researchers have studied the photoionization of hydrogen atom in the electric field [14] [15] [16] [17] . The photoionization cross section and the positions and widths of resonances were calculated and found to be in excellent agreement with the experiment. In the early 1980s, Demkov and Kondratovich et al introduced the principle of photoionization microscopy theoretically for the first time [18] [19] . They proposed an They suggested that after photoionization, the low-energy photoelectron waves can be projected onto a position-sensitive detector, which is oriented perpendicular to the electric field. An interference pattern on the detector will appear, which corresponds to the interference between electron trajectories evolving in the presence of the electric field and coulomb potential. This interference pattern can be split into two concentric structures, one is called direct interference if the electrons are barely interacting with the coulomb potential; another is called indirect interference if the electrons scatter on the coulomb potential. The "true" photoionization microscopy effect introduced by Kondratovich et al concerns a particular situation where the atom is ionized through a quasi-bound resonance in the ionization continuum. In that case the interference pattern observed corresponds to the square modulus of the wave function of the quasi bound state. This means that the pattern is a macroscopic projection of the atomic Stark wave function confined around the atom. The first experimental observation of the real "photoionization microscopy" effect was first published by Cohen et.al. They performed the photoionization microscopy experiments on Li atom in the presence of a static electric field [20] . The electron spatial distribution measured by their microscope is a direct macroscopic image of the projection of the microscopic squared modulus of the electron wave that is quasibound to the atom and constitutes the first experimental realization of the experiment proposed 30 years ago. The photoionization microscopy experiment was later confirmed in the case of H atoms in an electric field by Stodolna et al [21] , who On the theoretical aspect, Zhao and Delos developed a semiclassical open orbit theory to study the dynamics of electron wave propagation in the photoionization microscopy of hydrogen atom in an electric field [22] . The open-orbit theory is based on the assumption that the electron waves propagate along different classical paths from a point-like source to a detector, provides a clear and intuitive physical picture to interpret structures of observed geometrical interference patterns in photoionization microscopy. Later, they used a quantum-mechanical method to calculate the spatial distributions of electron probability densities and current density for the photoionization of Rydberg hydrogen atom in an electric field [23] short laser pulse in a constant applied electric field [28] [29] . They find the ionization of the Rydberg rubidium atom occurred via a train of electron pulses, rather than an exponential decay of the ionization of the hydrogen atom in an electric field. The pulses appeared in the rubidium were related to the core scattering effect. Later, Lin and his group have studied the autoionization of Rydberg lithium atoms in an electric field or in parallel electric and magnetic fields [30] [31] [32] . The above studies mainly study the ionization of Rydberg rubidium atom or Li atom in the external fields in the time domain. They calculated the variation of the ionization rate on the detector with the evolution time of the electron. As to the ionization of non-hydrogen Rydberg atom in the spatial domain, they didn't give a discussion. In this paper, we study the electron probability density distribution for the Rydberg Li atom in an electric field on the basis of the photoionization microscopy for the first time, especially we discuss the atomic core scattering effect on the photoionization microscopy interference patterns. Compared to the photoionization of hydrogen atom in an electric field, the electron is affected by a model potential of the residual ion, which leads to scattering by the atomic core. This model potential for the interaction of the active electron with the Li core was used previously by Main et al in the context of closed orbit theory for the study of the photoabsorption spectra of non-hydrogen Rydberg atom in a magnetic field [33] [34] . Since the atomic core scattering potential cannot be neglected all the time, therefore the classical motion of the electron becomes much complicated. Not only the electron trajectories caused by the electric field and the Coulomb potential can arrive at the detector, some combination electron trajectories caused by the atomic scattering effect can also reach the detector, and these orbits play an important role in the electron probability density distribution on the detector plane. Regarding the role of the core-scattering, the effect has also been discussed by Cohen et.al. in a recent photoionization microscopy experiments on Li atom in a static electric field [20] . Our study provides a detailed explanation for the photoionization of Rydberg Li atom in the electric filed and can guide future researches on the photoionization of non-hydrogen atoms in external fields. This paper is organized as follows: In section 2, we describe the photoionization process of the Rydberg Li atom in the presence of an electric field, and put forward an analytical formula for calculating the electron probability density distributions on the detector plane. In section 3, we calculate the electron probability density distributions on the detector plane, especially we analyze the atomic core scattering effect on the dynamics of the electron. The variation of the electron probability density distributions with the scaled energy above the classical saddle point energy is also analyzed in this part. Section 4 gives some conclusions of this paper. Scaled units are used unless other units are specified.
2.Theory and quantitative formula
The schematic plot of the photoionization of Li atom in an electric field is given in Fig.1 . The electric field is along the +z axis and a detector plane is localized perpendicular to the -z axis. The Li atom lies at the origin of the coordinate system.
The photoionization process can be regarded as a two step process: in the first step, after a ray of laser light polarized along z-axis irradiates on the Li atom, the valence electron in the Li atom may absorb a photon energy, then it is jumped into a high Rydberg state and generates an outgoing electron wave; in the second step, the electron wave propagates outward from the nucleus in all directions, following classical trajectory. As the electron moves far away from the nucleus, we can use the semiclassical approximation to construct the electron wave function [26] . The electrons traveling along the outgoing trajectories will escape from the atom, and the waves propagate to a large distance where a position-sensitive detector is placed. Due to the influence of the electric field and the modified Coulomb potential, more than two electron trajectories can reach the same point on the detector plane. The corresponding waves interfere constructively or destructively, which causes an observable interference pattern on the detector. This is called the photoionization microscopy. In the photoionization microscopy, the image formed by the electron wave on the detector is the square modulus of the transverse component of the electronic wave function, which can be measured using a velocity map imaging apparatus on the detector plane. A series of concentric interference fringes is schematically plotted on the detector plane as shown in Fig.1 .
Using cylindrical coordinates (ρ, z) and atomic units, the Hamiltonian for the Rydberg Li atom in an electric field is:
where F is the electric field. According to the radiation-transition selection rules, we , z e =3 is the atomic number and a is a parameter, which is chosen to give the best agreement with the measured quantum defects. In the quantum mechanics, the atomic core potential introduces a phase shift in the calculation of the radial wave function that expresses itself as a quantum defect. Due to the influence of the atomic core potential, the principle quantum number becomes 
From the above equation, we find that the scaled Hamiltonian does not depend upon the energy E and electric field strength F separately, but only on the scaled energy ε, thus eliminate a parameter.
The effective potential ) , ( z V ρ in Eq.(3) has a saddle point, which is the root of 
. When the energy of the electron is bigger than the saddle point energy, the electron has access to the ionization channel through which the electron can be recorded by the detector. In this work, we place the detector at the plane z=-4.0.
In order to find the electron trajectories that reach the detector plane, we must integrate the Hamiltonian motion equations. From Eq.(3), we find there is a Coulomb singularity at the origin. Then we use the parabolic coordinates (u,v) and their conjugate momenta (p u ,p v ) instead of the cylindrical coordinates. The relation between the parabolic coordinates and the cylindrical coordinates is : 
A new scaled time variable τ is defined by
, we obtain : 
Here, the classical density A j is given by [26] :
where j θ represents the outgoing angle for the j-th trajectory, the phase factor j χ in Eq.(6) is:
where
denotes a given point on the detector plane. j µ is the Maslov index. In our calculation, the Maslov index includes not only the numbers of the maxima and minima of the cylindrical coordinates, but also includes the number when the classical density A j diverges [22] .
For any given point on the detector plane, there exist several electron trajectories passing through it in the classically accessible region. Therefore, the final wave 
The calculated radial electron probability density distribution at point )
is given by the following formula:
The first term is the classical probability density distribution, and the second term represents the interference among different classical trajectories arriving at a given point on the detector [24, 26] .
Results and Discussions
By integrating the Hamiltonian motion equations (Eq.(5)) with the initial
, we can search out all the ionization trajectories of the Li atom that can arrive at a given point on the detector plane. For different outgoing angle θ, the evolution time t that it takes for a trajectory from the electron source arrived at the detector plane is different. In this work, we stop the integration if the electron trajectory cannot reach the detector plane during a maximum period of time, This kind of orbit is called the indirect trajectory. For comparison, the ρ-θ curve for the Rydberg H atom in an electric field is shown in Fig.3(b) . By comparison the above two figures, we find a critical angle θ c =0.5056 is reached for the Rydberg H atom. All the electron trajectory with the outgoing angle less than θ c cannot reach the detector within the given time. However, for the Rydberg Li atom, nearly all electron trajectories with the outgoing angle
can strike the detector. As
, the ρ-θ curve is similar to the case of H atom. In the interval
, the ρ-θ curve becomes complicated and exhibits fractal structure as well as a certain self-similarity, which is similar to the epistrophic self-similarity structure when treating the escape-time dynamics in the ionization of atoms in external fields [36] [37] . The spatial probability density distribution of electrons arising in photoionization microscopy of a Li atom in an electric field is shown in Fig.3(c) , while the probability density distribution for the H atom is given in Fig.3(d) . From these two figures, we find oscillatory structures all appear in the electron probability density distributions, which are caused by the interference effect of various electron trajectories arriving at a given point on the detector plane. However, for the Rydberg Li atom, the number of the ionization trajectories arriving at a given point on the detector increases, which causes the oscillatory structure in the electron probability density distributions to become much more complicated as compared to the case of Rydberg H atom. The difference between the electron probability density distributions for the Li atom and H atom can be qualitatively explained by analyzing the structure of the electron trajectories.
After the valence electron in the atom absorbs a photon from the laser pulse, it is promoted from a low-energy bound state into a high excited state in the form of an outgoing wave. This wave propagates away from the atom in all directions following classical trajectories. The classical electron dynamics is affected both by the electric field and the long-range modified Coulomb force of the residual ion. For a given scaled energy, the structure of the electron trajectory is related to the outgoing angle.
After a period of time, some of the trajectories will escape the atom and arrive at the detector, making a contribution to the interference pattern in the electron probability density distributions. Other trajectories, however, may return to the nucleus, forming closed orbits [38] . For Rydberg H atom, the Coulomb scattering dominates. As the electron trajectories return to the vicinity of the atom, the waves associated with them Figs.4(c-f) . Figure 5 plots the interference patterns in the electron probability density distributions for the Rydberg Li atom in an electric field caused by different electron trajectories. They are obtained by calculating the electron probability density distributions through restricting the outgoing angle of the electron trajectory to a different region as shown in Fig.3(a) . Fig.5(a) shows the electron probability density distributions with the outgoing angle of the electron trajectory limited in the region
. Under this condition, the Coulomb scattering and the electric field force play an important role, therefore, the oscillatory structure in the electron probability density distributions curve is similar to the case of H atom which is shown in Fig.3(d) . Fig.5(b) shows the electron probability density distributions with the outgoing angle of the electron trajectory limited in the interval 5056
. In this region, the electron trajectories are a series of combination orbits induced by the atomic core scattering effect. We find oscillatory structures still appear in the electron probability density distributions, which suggests that the atomic core scattering effect in the electron probability density distributions on the detector plane cannot be neglected. In order to have a clear insight into the building up of the interference pattern, the total electron probability density is decomposed into contribution of the direct electron trajectories and the indirect electron trajectories. Fig. 5(c) shows the , they move towards the detector, after a short period of time, they will hit the detector without encircling the nucleus or crossing the -z axis. Under this condition, the electric field force plays a fundament role on the movement of the electron. These kind of trajectories are the direct trajectories [27] . As the initial outgoing angle 661 . 0 < < < < θ , both the electric field force and the modified Coulomb potential dominates, the electron will encircle the nucleus or cross the z-axis once or more times before it finally reach the detector. This family of trajectories belongs to the indirect trajectories. With the decrease of the scaled energy, the range of the outgoing angle for the direct trajectory becomes narrow.
Besides, the maximum impact radius that the electron can reach decreases . Under this condition, the influence of the atomic core scattering effect plays the main role.
Finally, we calculate the electron probability density distribution on the detector plane for different scaled energies. The results are given in Figs.7-8. Fig.7 shows the variation of radial electron probability density distributions versus the impact radius ρ. From this figure, we find oscillatory structures appear in the electron probability density distributions, which can be considered as a consequence of the interference effect caused by different types of electron trajectories arriving at a given point on the detector plane. The top plot in Fig.7 shows the electron probability density distribution with the scaled energy ε=0.0. Under this circumstance, the oscillatory structures arise primarily from the interference of the direct electron trajectories, and a two-term interference pattern plays an important role. The electron probability distribution is widely spread out. With the decrease of the scaled energy, the number of the indirect electron trajectories becomes increased, which makes the interference pattern in the electron probability density distribution becomes complicated. In addition, as the scaled energy is decreased, the maximum impact radius that the electron can reach becomes decreased, which makes the oscillating region in the electron probability density distributions becoming reduced. For example, at the , the oscillatory structure is only limited in a small region 0<ρ<1.277. In order to see the electron probability density distribution on the detector plane clearly, we plot the image plot of the electron probability density distributions for different scaled energies. The calculation results are shown in Fig.8 . From this figure, we find at the same circular ring, the probability density distribution is the same. The electron probability density distribution on the detector plane consists of a series of interference rings. With the decrease of the scaled energy, the radius of the rings is decreased correspondingly. In addition, it is found that the electron probability density distribution on the detector plane consists of a series of bright and dark concentric rings. The bright rings correspond to the constructive interference of the electron's trajectories, while the dark rings correspond to the destructive interference.
As the scaled energy is relatively large, ε =-0.2, the maximum impact radius on the detector is also large, which makes the radius of the outermost ring in the image plot becomes large, see Fig.8(a) . The maximum impact radius on the detector becomes decreased with the decrease of the scaled energy, which makes the radius of the outermost ring in the image plot becomes small and the radius of the disk in the image plot gets reduced. See Figs.8(b-d) .
Conclusions
We have performed a semiclassical calculation of the photoionization microscopy of Rydberg Li atom in an electric field, and have calculated the interference patterns in the photoelectron probability density distribution on a detector plane. The influence of the atomic core scattering effect on the electron dynamics has been discussed in great detail. Our study suggests that a lot of core-scattering Compared to the photoionization of the Rydberg H atom in an electric field, the number of the indirect electron trajectories arriving at the detector plane is increased, which makes the oscillatory patterns in the photoelectron probability density distribution become complicated. In addition, the oscillatory structures in the electron probability density distributions depend sensitively on the scaled energy. When the scaled energy is relatively small, the maximum impact radius that the electron can arrive at the detector plane is small, which means that the oscillating region in the probability density distributions is limited to a small region. When the scaled energy is close to the ionization threshold, the maximum impact radius that the electron can reach the detector plane becomes larger and the oscillating region in the probability density distributions becomes widely spread. Our calculation results further verify that the core scattering effect can play an important role in the photoionization for non-hydrogen Rydberg atoms. We hope that our results will be useful for guiding experimental studies of photoionization microscopy dynamics of non-hydrogen Rydberg atoms in external fields. The inset plots in Fig.3(c-d) are the image plot of the electron probability density distribution on the detector plane. 
